The centrosome, a major organizer of microtubules, has important functions in regulating cell shape, polarity, cilia formation and intracellular transport as well as the position of cellular structures, including the mitotic spindle. By means of these activities, centrosomes have important roles during animal development by regulating polarized cell behaviors, such as cell migration or neurite outgrowth, as well as mitotic spindle orientation. In recent years, the pace of discovery regarding the structure and composition of centrosomes has continuously accelerated. At the same time, functional studies have revealed the importance of centrosomes in controlling both morphogenesis and cell fate decision during tissue and organ development. Here, we review examples of centrosome and centriole positioning with a particular emphasis on vertebrate developmental systems, and discuss the roles of centrosome positioning, the cues that determine positioning and the mechanisms by which centrosomes respond to these cues. The studies reviewed here suggest that centrosome functions extend to the development of tissues and organs in vertebrates.
Introduction
The centrosome of animal cells (Fig. 1A) consists of a pair of centrioles that is surrounded by a cloud of pericentriolar material (PCM), which contains proteins that are responsible for microtubule nucleation and anchoring (Azimzadeh and Bornens, 2007) . Each centriole is composed of nine-triplet microtubules. The older of the two centrioles in a pair is termed the mother centriole, whereas the younger is termed the daughter centriole. Upon exit from the cell cycle, the mother centriole acts as a nucleation site for the growth of primary cilia. During progression through the cell cycle, the centrosome reproduces and the centrioles in each centrosome replicate (Nigg and Stearns, 2011) . Then two centrosomes move to opposite ends of the nucleus, and from each centrosome, microtubules grow into a spindle, which is responsible for separating replicated chromosomes into two daughter cells. Centrosomes occupy non-random locations that differ between cell types. This Commentary will focus on the role of centrosome positioning during vertebrate development. We will first discuss how the position of the centrosome affects the structure and function of cells at interphase or post mitotic phase. We then further summarize some recent exciting findings in understanding how centrosome position affects the mitotic spindle orientation in cells at mitotic phase. Finally, we will briefly discuss some molecular mechanisms that control centrosome positioning.
Centrosome position in cell migration and polarization In interphase or post-mitotic cells, centrosomes dictate the organization of microtubules, which is important for determining cell shape, polarity and motility (Desai and Mitchison, 1997; Keating and Borisy, 1999) . In many nonpolarized cells, such as interphase fibroblasts, the centrosome is located near the cell center and is physically linked to the nucleus, with microtubules radiating out to the cell cortex ( Fig. 2A) . In some cases, the association between centrosome and nucleus is so close that the centrosome actually resides within an invagination of the nuclear envelope (Hulspas et al., 1994) , suggesting that the forces that center the centrosome are strong enough to deform neighboring organelles. In some cell types, centrioles also have defined orientations of their long axis. For instance, in pig kidney embryo cells, the mother centrioles tend to be oriented perpendicular to the substrate (Vorobjev and Chentsov, 1982) .
In most epithelial cells in mammary gland, airway, intestinal duct and liver and epidermal cells, centrioles move to the apical cell surface (Dylewski and Keenan, 1984; Müsch, 2004) , which is accompanied by loss of radial microtubule organization, the formation of a predominantly apical-basal array of MTs, and assembly of a primary cilium (Fig. 2B) ). The microtubule-based reorientation of the secretory and endocytic apparatus along the apical-basolateral polarity axis might ensure the targeting of vesicles to a specific surface domain (Müsch, 2004) . The formation of an apical-basal microtubule array is itself a centrosome-dependent process, with the centrosome moving to the cell apical surface and depositing some PCM proteins (Feldman and Priess, 2012) . Thus, centrosome positioning has a profound effect on the geometry of the entire cell.
To better convey the variety of centrosome positions in animals, we consider several examples of specialized cell types below.
Cochlea
Hair cells in the organ of Corti (in the mammalian cochlea) sense mechanical stimulation though microvilli called stereocilia, which form a V-shape bundle on the apical surface (Frolenkov et al., 2004) . The orientation of the stereociliary bundle is predetermined by the polarized position of the centriole, which assembles a single primary cilium. If the centrioles are relocated to a central, non-polarized position, stereocilia become distributed in a round symmetric pattern (Frolenkov et al., 2004) . Therefore, it appears that centriole positioning determines the orientation and morphology of stereociliary bundles. Furthermore, it is likely that the polarized basal bodies also have important functions in directing the uniform alignment of all the cells across the organ of Corti (Jones et al., 2008) .
Neurons
The centrosome is often found in close proximity to the neurite that becomes the axon, suggesting a role in determining the site of axon outgrowth (Bellion et al., 2005; de Anda et al., 2005; Zmuda and Rivas, 1998) . Doubling the number of centrosomes by inhibiting cytokinesis results in two axons that form adjacent to the two centrosomes, whereas inactivation of the centrosome in cultured Drosophila melanogaster neurons impairs axon formation (de Anda et al., 2005) . However, axonogenesis in mouse tegmental hindbrain nuclei neurons clearly occurs distant from the centrosome (Distel et al., 2010) .
In migrating neurons (Fig. 2C) , the centrosome is sometimes positioned ahead of the nucleus, suggesting that it drives the forward movement of the nucleus along microtubules (Rivas and Hatten, 1995; Solecki et al., 2004; Tsai et al., 2007; Xie et al., 2003) . However, live imaging of radial migration of granule cells in cultured developing mouse cerebellum demonstrated that nucleus migration is not always correlated with the movement of the centrosome (Umeshima et al., 2007) . Thus, the exact relationship between centrosomes and either nuclear movement or axon outgrowth remains unclear.
Immune cells
Cytotoxic T lymphocytes (CTLs) destroy infected cells by releasing so-called lytic granules within the immunological synapse that is formed between CTLs and their targets (Stinchcombe et al., 2001) . The centrosome moves to the immunological synapse by cortical pulling (Kim and Maly, 2009 ) and directs the delivery of lytic granules (Stinchcombe et al., 2006; Tsun et al., 2011) (Fig. 2D) . Components of the intraflagellar transport system, a motile process involved in building cilia onto centrioles, also appear to be involved in trafficking to the immunological synapse (Finetti et al., 2009) , suggesting an evolutionary relationship between ciliogenesis and formation of the immune synapse that might help explain a shared function for centrosomes in both processes.
Wound healing and cell migration
In wounded monolayers of fibroblasts, the centrosome often becomes oriented between the nucleus and the leading edge (Gotlieb et al., 1981) . This orientation positions both the Golgi complex and the endocytic recycling compartment between the nucleus and the leading edge. However, whether the centrosome is ahead of or behind the nucleus depends on the cell type (Yvon et al., 2002) . For example, the centrosome is located ahead of the nucleus during migration in eosinophils (Koonce et al., 1984) and Chinese hamster ovary (CHO) cells (Yvon et al., 2002) , but behind the nucleus in PtK cells in wounded epithelial sheets (Yvon et al., 2002) . However, when PtK cells migrate individually instead of in the context of a continuous cell sheet, the position of the centrosome relative to the nucleus does not correlate with the direction of cell migration (Danowski et al., 2001) . Centriole rotational orientation is also regulated in migrating cells. In lymphocytes and macrophages, centrioles are oriented vertically with respect to the cell surface over which the cells are migrating (Gudima et al., 1988) . Furthermore, primary cilia in migrating cells tend to point in the direction of cell movement (Albrecht-Buehler, 1977; Katsumoto et al., 1994; Schneider et al., 2010) .
Even within a single cell type, the relative position of the centrosome and nucleus can vary as a function of myosin II activity (Szabó et al., 2011) or the type of substrate (Schütze et al., 1991) . Further complicating the connection between centrosome position and cell migration is the fact that ablation or removal of centrosomes appears to affect cell migration in some cell types, but not in others (Koonce et al., 1984; Wakida et al., 2010) . In polymorphonuclear leukocytes and keratocytes, centrosomes are not required for cell movement or chemotaxis (Huang et al., 1991; Verkhovsky et al., 1999) , whereas in the specific case of wound healing they are more important (Schneider et al., 2010; Wakida et al., 2010) .
Convergent extension
During development, vertebrate embryos undergo a dramatic change in shape. The lengthening and narrowing of a field of cells, termed convergent extension, contributes to a variety of morphogenetic processes including gastrulation. During zebrafish gastrulation, the centrosome position is highly polarized along the anteroposterior and mediolateral embryonic axes (Sepich et al., 2011) . Centrosomes first polarize along a superficial-deep axis through the ectoderm and mesoderm, and later become polarized within the planes of the ectoderm and mesoderm between mid and late gastrulation. This planar polarization of centrosomes might reflect changes in the movements of polarized cells; specifically, medial or lateral positioned centrosomes can reflect medial or lateral cell rearrangement, respectively. The mother centriole is distinguished by two sets of appendages, the subdistal and distal appendages (Paintrand et al., 1992) , which are thought to be required for anchoring microtubules at the centriole or forming transitional fibers that contact the cell cortex, respectively (Dawe et al., 2007) . (B) Organization of the basal body (centriole) in a cell from a multiciliated epithelium. The proximal side of the basal body is associated with a matrix, which extends into specific and striated structures called rootlets (Klotz et al., 1986) . PCM, pericentriolar material.
Multiciliated epithelia
In cells that form primary cilia, the centrosome migrates to the cortex of the cell where the mature centriole nucleates formation of the cilium (Satir and Christensen, 2007) . In multiciliated epithelia (Fig. 2B) , hundreds of centrioles are assembled at once in a single cell, leading to the formation of multiple cilia with a defined orientation of beating (Marshall and Kintner, 2008) , which is in turn dictated by the rotational orientation of the centrioles (Tamm et al., 1975) . Mis-orientation of centrioles, and subsequently of the cilia, can lead to a failure of cilia-driven fluid flows even when the individual cilia themselves have normal motility (Marshall and Kintner, 2008) . In some cases, such a misorientation appears to be sufficient to cause respiratory disease in human patients (Rutland and de Iongh, 1990) . However, the molecular pathways that orient the rotation of centrioles remain unclear.
Rotational orientation is determined after centrioles have docked at the cell cortex and begun to form cilia (Boisvieux-Ulrich et al.,
1985; Frisch and Farbman, 1968) . However, once a specific orientation is set up, it becomes locked and the cilia will not reorient themselves if the tissue is experimentally repositioned (Boisvieux-Ulrich and Sandoz, 1991). The cues that orient centrioles to generate an oriented field of cilia appear to be a combination of planar cell polarity (Borovina et al., 2010; Guirao et al., 2010; Mitchell et al., 2009; Park et al., 2008) and of fluid flow, such that the cilia coordinate the direction of their beating with neighboring cells (Mitchell et al., 2007; Guirao et al., 2010) .
Sensory cilia
Cilia act as sensors for flow and mechanical deformation in vertebrate tissues. Cilia in epithelial tubes function as flow sensors (Masyuk et al., 2006; Liu, 2003; Praetorius and Spring, 2001) , for example sensing the flow of urine in the kidney. To function properly, the cilia must face the lumen of the tube, because otherwise they would sense the wrong compartment. In tendons, primary cilia in tenocytes are oriented parallel to the in resting neurons (left), the centrosome is found in close proximity to the neurite that becomes the axon. In migrating neurons (right), the centrosome is positioned ahead of the nucleus, with microtubules connecting the centrosome and the nucleus. (D) Lymphocytes: in cytotoxic T lymphocytes (CTLs) that are not interacting with a target (left), the centrosome is located near the nucleus, and lytic granules are distributed all along the microtubules. After the CTL is stimulated (right), the centrosome directs the delivery of lytic granules by moving along microtubules to the plasma membrane and then to the point of secretion for releasing lytic granules to the immunological synapse. Red ovals indicate the centrosome, with centrioles indicated as black lines within. Blue ovals indicate nuclei and green lines indicate microtubules.
collagen fibers along the long axis of the tendon (Donnelly et al., 2010) . Cilia are oriented in chondrocytes relative to the cartilage layer (Farnum and Wilsman, 2011) and in vascular smooth muscle cells relative to the direction of stress (Lu et al., 2008) . These directed orientations presumably allow mechanosensory cilia to respond to strains in particular directions. Cilia also mediate a response to chemical ligands in the extracellular environment (Singla and Reiter, 2006) . A proper response to ligands requires centrioles to be positioned on the correct side of the cell to ensure that they sense the correct environment (for example the lumen of a duct rather than its outer surface).
Breaking of left-right symmetry
One of the most dramatic illustrations of centrosome positioning and cilia function in a develomental context is the breaking of leftright symmetry in mammalian embryos. Leftward fluid flow in the ventral node is responsible for the breaking the left-right symmetry in the mouse embryo (Hirokawa et al., 2009; Hirokawa et al., 2006; Hashimoto et al., 2010; Nonaka et al., 2002; Nonaka et al., 2005) . Unidirectional flow is generated by the rotational movement of the node cilia, which are tilted towards the posterior. This posterior tilt, which is essential for generating leftward flow, appears to result from the posterior position of the centriole within each cell of the node (Nonaka et al., 2005; Okada et al., 2005) .
Centrosome position in oriented cell division during development
Oriented planar cell division
In dividing cells, the centrosome determines the position at which the spindle poles will form, through interactions between astral microtubules and capture sites that are located on the cortical surface of the cell (Hyman, 1989; Labbé et al., 2004; Lutz et al., 1988; Miller and Rose, 1998) . These cortical sites can be established from intracellular breaking events during symmetrical cell divisions or cell-cell interactions in a developing tissue (Goldstein, 1995) . Although centrosomes are not strictly required for the formation of a bipolar spindle, for example during female meosis (Heald et al., 1996) , they facilitate assembly of astral microtubules (de Saint Phalle and Sullivan, 1998; Hornick et al., 2011; Wilson et al., 1997) . In the absence of centrosomes, bipolar spindles form but are not attached to the cell cortex and instead float around within the cell . Consequently, cells that lack centrosomes, or cells, in which centrosome function is abrogated, form spindles in random orientations (Giansanti et al., 2001; Louvet-Vallée et al., 2005) . Because the spindle dictates the position and orientation of the cleavage furrow during cytokinesis (Oliferenko et al., 2009 ), spindle orientation mediated by centrosome position ultimately determines the orientation of cell division.
Oriented cell division has an important function in morphogenesis of epithelial tissues. When the mitotic spindle is aligned within the plane of the epithelium, it is termed planar spindle orientation. Because oriented planar cell division (OPCD) is ultimately a consequence of centrosome positioning, below we will consider several examples in which OPCD and hence centrosome position has an important role in axial elongation or determining organ shape.
During early neurulation and notochord extension in avian and mouse embryos, mitotic spindles are preferentially oriented parallel to the long axis of the notochord (Schoenwolf and Alvarez, 1989) . The majority of notochord extension involves a combination of orientated cell division and cell rearrangement (Sausedo and Schoenwolf, 1994) . During gastrulation in zebrafish, the epiblast dramatically elongates along the anterior-posterior axis of the embryo, driven at least in part by OPCD within the epiblast (Gong et al., 2004) .
Many organs, such as lung, kidney and blood vessels develop from epithelial tubes that branch into complex networks. During organ development, each branch grows to attain the final size and shape that are appropriate for its position and function in the branching network. The orientation of cell division with respect to the longitudinal axis of the epithelial tube is thought to have a major effect on the shape of the tube (Fig. 3A) . In kidney tubules, for example, cells primarily divide along the proximal-distal (longitudinal) axis of the epithelium, leading to lengthening of the tubule, while maintaining a constant diameter. In cystic kidney disease mouse and rat models, the orientation of tubule epithelial cell divisions is randomized, leading to increased tubular diameter and subsequent cysts (Fischer et al., 2006) . Similar orientation of spindles along the long axis of developing tubes is seen in blood vessel development (Zeng et al., 2007) . Therefore, interestingly, centrioles in blood vessel endothelial cells tend to be located on the same side as the heart, regardless of the direction of blood flow (Kiosses et al., 1997; Rogers et al., 1985) . Longitudinally oriented cell divisions occur in the developing lung, and using a mathematical model, we recently demonstrated that a change in airway shape can be explained entirely on the basis of the distribution of spindle angles, without requiring oriented changes in other cellular processes, such as proliferation or cell shape (Tang et al., 2011) .
One pathway that is involved in regulating OPCD is the planar cell polarity (PCP) pathway. Disruption of the PCP pathway affects OPCD and correlates with a reduction in elongation of the epiblast consistent with a role for oriented division in elongation.
The PCP pathway appears to be important for tubular morphogenesis in some cases (Saburi et al., 2008) , but not in others (Tang et al., 2011) .
Asymmetric cell division
Asymmetric cell division generates daughter cells of distinct identities by separating asymmetrically localized proteins, RNA transcripts and other macromolecules, which are called cell fate determinants, to only one of the daughter cells. To do so, the mitotic spindle must be aligned parallel to the axis along which the fate determinants are distributed in the cell. Asymmetric cell division is, thus, a special case of oriented cell division, requiring an accurate positioning of centrosomes to ensure proper orientation of the mitotic spindle.
In the developing Drosophila nervous system, most neurons and glia arise from neural stem cells known as neuroblasts. Symmetric divisions of neuroblasts expand the progenitor pool, whereas asymmetrical divisions of neuroblasts generate postmitotic cells. Neuroblasts that form their mitotic spindles along the apical-basal axis generate two different fates (Fig. 3B) . One daughter cell self-renews to maintain the pool of neuroblasts, whereas the other differentiates to populate the central nervous system (Doe, 2008) , owing to the asymmetric distribution of proteins that specify either self-renewal or differentiation in separate apical and basal cortical domains during mitosis. The new centrosome is retained in the neuroblast during asymmetric division (Januschke et al., 2011) , indicating a precise positioning of the centriole during asymmetric division. For a more detailed discussion of centrosome behavior during neuroblast division, we direct the reader to a recent review (Nigg and Stearns, 2011) .
The centrosome also has a function in orienting divisions during brain development in mammals. Lack of the centrosomal abnormal spindle-like microcephaly associated protein (ASPM) in mice leads to defects in planar spindle orientation and a small brain size (Fish et al., 2006) . Defects in centrosome-associated proteins are also associated with microcephaly in human patients (Guernsey et al., 2010; Kumar et al., 2009; Rauch et al., 2008; Yu et al., 2010) , presumably owing to defects in asymmetric divisions in neuronal precursor cells, although a role in neuronal migration cannot currently be ruled out.
The stratified cell layers of the skin are generated by asymmetric cell division of basal epidermal cells, which generates a committed suprabasal cell and a self-renewed basal cell. Suprabasal cells enter a differentiation program to form the barrier. During this process, the apical localization of cortical polarity determinants is essential to align the spindle (Lechler and Fuchs, 2005) , presumably through centrosome positioning.
The stem cell niche itself can also determine whether a stem cell division is asymmetric or symmetric by regulating the orientation of the mitotic spindle (Fuchs et al., 2004; Spradling et al., 2001 ). For example, in Drosophila male germline stem cells (GSCs) (Fig. 3C) , the mitotic spindle is oriented perpendicular to the niche interface. When the cell divides, one daughter cell stays associated with the niche and its sustaining signals, and another daughter cell loses contact with the niche and starts to differentiate (Kiger et al., 2001; Tulina and Matunis, 2001; Yamashita et al., 2007) . In GSCs, the mother centrosome is always positioned close to the niche throughout the cell cycle. After centrosome duplication, the daughter centrosome migrates towards the opposite side of the cell, thereby setting up the spindle orientation (Yamashita et al., 2007) . Therefore, the mother centrosome contains the oldest centriole that is always inherited by the stem cell. Whether the niche regulates the different behaviors of mother and daughter centrioles in other types of asymmetric cell division remains an important area of investigation. Symmetrical divisions (top row), in which the mitotic spindles are perpendicular to the apical-basal axis, generate two identical daughter cells that inherit both apical and basal cortical cues. Asymmetric cell divisions (bottom row), in which mitotic spindles are parallel to the apical-basal axis, generate two daughter cells that inherit either apical or basal cortical cues. One daughter cell selfrenews to maintain the pool of neuroblasts, whereas the other differentiates to populate the central nervous system. (C) Extrinsic polarity cues determine the different fates of daughter cells in the Drosophila male germline stem cell (GSC). During cell division, the mitotic spindle forms perpendicular to the interface with the stem cell niche (Hub), such that one daughter cell retains contact with the niche and its sustaining signals, whereas the other daughter cell loses contact with the niche and initiates differentiation (gonialblast, shown in orange). GMC, ganglion mother cell; GB, gonialblast.
The many roles of centrosome positioning in cell migration, cell polarity, oriented planar cell division and the determination of asymmetric cell fate, imply that centrosomes should have important functions throughout development. However, genetic experiments in Drosophila have shown that centrosomes can be lost from developing flies during the course of development and give rise to adult flies that entirely lack centrosomes (Basto et al., 2006) . These experiments had to be performed carefully to make sure that centrosomes were still present during early development, because the loss of centrosomes in early fly development results in developmental failure (Rodrigues-Martins et al., 2008; Stevens et al., 2007; Varmark et al., 2007) . However, there are reports of animal species that have completely lost centrosomes during evolution. For example, the planarian flatworm Schmidtea mediterranea has been shown to contain centrioles but lack centrosomes, as shown by ultrastructural studies that show the absence of centrioles at spindle poles, and by genomic comparisons that indicate that its genome lacks key proteins that are required to assemble a centrosome around a centriole (Azimzadeh et al., 2012) . Interestingly, the loss of centrosomes in Schmidtea, as well as in the related parasitic flatworm Schistosoma (Jurberg et al., 2009) , appears to correlate with a shift in early development from a highly mosaic form of embryogenesis, in which spindle orientations are precisely controlled, to an entirely regulative embryogenesis, in which spindle orientations are apparently random. These results suggest that the main function for centrosomes in development is in oriented divisions, and, therefore, if there is no strict requirement for oriented division, centrosomes are no longer required. Consistent with this idea, centrosomes are apparently absent during the earliest divisions of the mouse embryo, as cell fates during early mouse embryogenesis are determined in a completely regulative mode and, thus, do not require oriented divisions that are so important for mosaic development (Calarco-Gillam et al., 1983) . It has also been reported that Myxozoa, a class of parasites possibly related to Cnidaria, lack centrioles (Canning et al., 2007) . Unlike Planaria, which retained a normal bilaterian body plan with complex tissues despite their loss of centrosomes during evolution, Myxozoa have highly degenerate body plans that range from clusters of individual cells to simple sac-like structures (Canning et al., 2007) . It is interesting to consider whether the loss of complex tissue morphogenesis in Myxozoa could be a consequence of the loss of centrioles and/or centrosomes. Understanding which types of developmental processes can, and cannot, take place in organisms that lack centrosomes might enable us to gain new insights into the functional relevance of the centrosome in animal development, as well as revealing potential centrosome-independent mechanisms for the regulation of oriented division (Cabernard et al., 2010) .
Molecular pathways underlying centrosome positioning
Centrosome positioning requires that there is a source of information that dictates where the centrosome should go, and the existence of a mechanism by which centrosomes respond to this information. Microtubule asters can center themselves within cell fragments (Rodionov and Borisy, 1997) , or even within microfabricated chambers (Holy et al., 1997; Laan et al., 2012) . However, the means by which a centrosome-mediated aster of microtubules could find the center of a geometrical region remains an area of debate. Both pushing forces that are generated by the microtubules emanating from the centrosome and pulling forces that are exerted on these microtubules by cortical motor proteins have been proposed to underlie the centering mechanism, as suggested in a recent computational study (Zhu et al., 2010) . However, in many cell types, centrosomes are not positioned in the center, which raises the important question; what are the mechanisms that result in a deviation from the default central position?
The positional information that specifies centrosome position could be generated within the cell itself, or it could be provided by the external environment of the cell, either by other cells, by the extracellular matrix or by morphogens acting at a tissue level. We refer to these two broad types of positional cues as intrinsic and extrinsic cues in the sections below. In many cases, cells are able to reorient their intrinsic polarity in response to external cues.
Intrinsic and extrinsic polarity cues
The Par complex (see Box 1) is a set of evolutionarily conserved intrinsic polarity proteins, consisting of Par3, Par6 and atypical protein kinase C (aPKC), which are asymmetrically distributed at the cell cortex and have important functions in the determination of cell polarity and the orientation of the mitotic spindle (Pieczynski and Margolis, 2011) . The Par complex is a main determinant of polarity. It interacts with the Gai-Pins-Mud, members of an
Box 1. The Par complex and dynein
The Par complex, consisting of Par3, Par6 and atypical protein kinase C (aPKC), localizes to the apical cortex of epithelial cells in vertebrates, the anterior cortex in the C. elegans zygote and the apical cortex in Drosophila neuroblasts (Pieczynski and Margolis, 2011) . Par3 contains multiple PDZ domains and provides anchorage to assemble the Par complex at the apical-lateral border by binding Par6 and recruiting Par6-associated proteins. Par6 is a scaffolding protein that contains PDZ, PB1 and CRIB domains, which provide a direct interaction with aPKC and Par3. The Par complex is crucial in regulating cell polarity during embryogenesis, epithelial morphogenesis, neuronal differentiation and cell migration. In addition, in healthy cell types the Par complex contributes to maintain cell homeostasis and prevent abnormal growth and cell migration.
Dynein is a large multi-subunit motor protein complex, which contains multiple ATP binding sites (Vallee et al., 2004) . Dynein uses ATP hydrolysis to provide the energy for its movement along microtubules towards the minus-end of the microtubule. Dynactin is another multi-subunit protein complex that is required for almost all types of cytoplasmic dynein activity in eukaryotes. Dynactin interacts with dynein directly through the binding of dynein intermediate chains with the p150Glued subunit of dynactin, and allows the motor to traverse the microtubule lattice over long distances. Another dynein-interacting protein is LIS1, which consists of seven spaced WD-40 repeats and is involved in the regulation of microtubule transport (Vallee et al., 2004) . The loss of one allele of the gene encoding LIS1 causes lissencephaly (smooth brain), a developmental brain malformation, in which the surface of the brain is smooth because of a defect in the migration of the cortical neuron. The dynein-dynactin complex is required for the regulation of organelle transport and position, centrosome assembly and spindle orientation.
evolutionarily conserved receptor-independent G-protein pathway, and dynactin complexes (see Box 1) to govern spindle orientation through the attachment of astral microtubule plus-ends to cortically-anchored dynein-dynactin motor complexes, resulting in pulling forces that move the centrosomes towards the cortex. In vertebrate cells, dynein, dynactin and Lis1 (see Box 1) are all required for positioning of the mitotic spindle in response to intrinsic cortical polarity cues. Coupling of cell polarity and dynein function is in part mediated through the nuclear mitotic apparatus (NuMA) protein, which is the vertebrate homolog of Mud. NuMA, whose activity is regulated by both the Par complex and Pins (Galli et al., 2011; Sun and Schatten, 2006) uses its cross-linking properties to mediate spindle anchoring at the cell cortex, and functions together with dynein in positioning of the centrosome and spindle (Siller and Doe, 2009) .
Planar cell polarity (PCP, Box 2) is an intrinsic polarity system that is coordinated between neighboring cells, and can transmit information for an orientation that is perpendicular to the axis of apical-basal polarity across the entire plane of a tissue (Bayly and Axelrod, 2011; Goodrich and Strutt, 2011; Zallen, 2007) . The ability of PCP genes to influence centrosome position and spindle orientation has been well demonstrated in Drosophila (BaenaLópez et al., 2005; Gho and Schweisguth, 1998) , and zebrafish (Gong et al., 2004; Ciruna et al., 2006) . Furthermore, PCP genes have been linked to oriented cell division in kidneys and the gastrointestinal tract (Matsuyama et al., 2009; Saburi et al., 2008) . Recent work (Ségalen et al., 2010) shows that the PCP pathway might influence centrosome positioning through the Mud-NuMA-Dynein cortical polarity pathway.
Centrosome position and spindle orientation are also regulated by cell-cell adhesion. E-cadherin provides a polarity cue for GSCs to position their centrosomes (Inaba et al., 2010) , and also acts to orient the planar spindle during symmetric cell division (den Elzen et al., 2009). The architecture and extracellular matrix tension can also affect the orientation of cell divisions (Théry et al., 2007; Théry et al., 2005) by controlling the segregation of cortical components that are used for spindle orientation. Even in interphase cells, the shape of the extracellular matrix attachment pattern can dictate the position of the centrosome (Théry et al., 2006) . Thus, the extrinsic cues to which centrosome positioning might respond include both molecular and mechanical cues.
Force generation and anchoring
Once a suitable polarity cue is present, the question arises of how the centrosome is physically moved in response to this cue. Diffusion by Brownian motion might be too slow to allow centrosome capture at a defined site within a time frame that would allow cell polarization during a typical cell cycle (Rafelski et al., 2011) . Possibly for this reason, centrosome positioning in many systems involves an active force generation by both the microtubule-and actin-based cytoskeletons (Buendia et al., 1990; Burakov et al., 2003; Euteneuer and Schliwa, 1985; Euteneuer and Schliwa, 1992) . In some cell types, the daughter centriole is substantially more motile than the mother centriole, and, in these cases, disruption of either the actin or tubulin cytoskeletons fails to halt the motion . However, if the actin and tubulin cytoskeleton are both disassembled, the daughter centriole stops moving , suggesting that forces that are generated by both act on centrioles in parallel. Before cytokinesis, centrioles can move along spindle microtubules (Jonsdottir et al., 2010) , further implicating microtubules in centriole movement.
During centrosome re-positioning in wound healing, the flow of cortical actin appears to be particularly important (Gomes et al., 2005) , but centrosome positioning in these cells also involves dynein, suggesting that microtubules also have a function in this process (Schmoranzer et al., 2009) . Similarly, the movement of centrioles to the cell cortex during ciliogenesis also involves actin, potentially at multiple stages, that is, not only in propelling the centrioles out of the cell surface but also in anchoring them into the cortex (Boisvieux-Ulrich et al., 1990; Dawe et al., 2009; Hirota et al., 2010; Pan et al., 2007; Panizzi et al., 2007; Tamm and Tamm, 1988) .
In order for the actin and tubulin cytoskeleton to exert force on the centrosome, mechanically stable attachment points are required. Without centrioles, centrosomes fragment when microtubules push on them (Abal et al., 2005) , suggesting that the centriole is a structural core that allows forces to pull the centrosome in a coherent way, instead of ripping out small pieces. Centriole-cytoskeleton interactions might, thus, be central for positioning of the centrosome. The centriole extends three main sets of fibrous structures: the basal foot, the distal and subdistal appendages, and the striated rootlet, any of which could potentially serve as attachment points or 'handles', onto which the cytoskeleton could exert force to drive orientation (Fig. 1B) .
The basal foot (Fig. 1B) is a cone-shaped protrusion from the basal body, which points in the direction of ciliary beat in a multiciliated epithelium (Boisvieux-Ulrich and Sandoz, 1991; Gibbons, 1961) . The basal foot also acts as a focal point for microtubules in ciliated tissues, suggesting that it functions as a handle to allow the microtubule cytoskeleton to exert forces on the basal body during orientation of the centrosome (Chailley et al., 1989; Hagiwara et al., 2000) . Formation of the basal foot requires the ODF2 protein, and, in mice lacking functional Box 2. The PCP pathway Planar cell polarity (PCP) is a signaling pathway that indicates the orientation within the sheet of an epithelium, so it is perpendicular to the apical-basal axis (Zallen, 2007) . PCP influences multiple cellular processes, including orientated cell movement and cell division, and the orientation or formation of cilia. Most of the evolutionarily conserved genes in the PCP pathway were first identified in Drosophila. These genes fall into two groups, which act together to coordinate the establishment of PCP. The first group includes, but is not limited to, dishevelled, frizzled, prickle, Van Gogh (also known as strabismus) and starry night (also known as flamingo) (for more detailed information, please see review by Lawrence et al., 2007) . Mutations in genes of this first group disturb cell polarity but have only subtle effects on the overall tissue pattern. The second group includes genes encoding non-classical cadherins, such as fat and dachsous, as well as a gene encoding the transmembrane Golgi-complex protein, Fourjointed. Mutations in genes of the second group not only change the polarity of the cell, but also alter the shapes of wings and legs and can disturb growth. In vertebrates, mutant studies of known PCP genes have provided evidence that the PCP pathway has important functions in a wide variety of development processes and in organogenesis, including gastrulation, neurulation, left-right determination, cardiogenesis, inner ear development, and kidney and lung development (Karner et al., 2006; Yates et al., 2010) .
ODF2, basal bodies become randomly oriented, resulting in ineffective cilia-driven flow (Kunimoto et al., 2012) .
The other appendage attached to the basal body is the striated rootlet, which points away from the cortex in an opposite direction to the basal foot. Interestingly, proteins that localize to the mitotic spindle midzone during cytokinesis (such as Protein regulator of cytokinesis 1, mitotic kinesin-like protein, Inner centromere protein, and centriolin) relocate to striated rootlets during ciliogenesis (Gromley et al., 2003; Smith et al., 2011) . Because these central spindle components can modulate actin and microtubule dynamics (Mishima and Glotzer, 2003) , they might mediate interactions between the rootlets and the rest of the cytoskeleton.
Similar to the basal foot acting as a microtubule attachment point for basal bodies in multiciliated epithelia, the subdistal appendages (Fig. 1A) might have a similar function in epithelial cells that have only a single centriole pair (Mogensen et al., 2000) . Centrioles in these cells lack basal feet, which appear to be a specialization of multiciliated cells. ODF2, which is required for assembly of the basal foot in multiciliated epithelia (Kunimoto et al., 2012) , is required for formation of subdistal appendages in cells with a single primary cilium (Ishikawa et al., 2005) , but when centrioles are lacking these distal appendages, ciliogenesis itself is defective, instead of ciliary orientation, suggesting that unlike the basal foot, the subdistal appendages are required for additional functions besides rotational orientation, the most likely one being docking onto the cell cortex or recruitment of ciliogenesis proteins (Dawe et al., 2007) .
Another candidate for linking centriole orientation to cell polarity cues is TBCC domain containing I (TBCCD1), a centrosome-associated protein that has been identified in a genetic screen for defects in centriole positioning in Chlamydomonas (Feldman et al., 2007; Feldman and Marshall, 2009) , and which was later shown to be crucial for centrosome positioning during wound healing in mammalian cells (Gonçalves et al., 2010) . The mechanistic role of TBCCD1 remains unknown. Another important protein linking the cytoskeleton to centrioles is ninein, a microtubule-anchoring component of the subdistal appendages (Delgehyr et al., 2005; Mogensen et al., 2000) . Ninein is required for tubular morphogenesis in mammalian endothelial cells, suggesting a role for ninein-mediated microtubule anchoring in oriented cell divisions (Matsumoto et al., 2008) . The association of ninein with centrioles requires ODF2 (Ibi et al., 2011) . Furthermore, ninein is required for maintaining radial glia progenitors in the developing mammalian neocortex (Wang et al., 2009 ). It will be of great interest to see the function of such proteins in other developmental processes.
Conclusions and future perspectives
Our understanding of centrosome positioning in animal development is currently hampered by the fact that centrosome behavior varies widely between different types of cells, making it extremely difficult to deduce any general mechanisms. Thus, there is a clear need for systematic, organism-wide surveys of centrosome position and orientation across tissues and across developmental time. A second major challenge is to link the behavior of centrosomes at the organelle level with the large-scale behavior of developing tissues, such as the migration of cell collectives, non-isotropic expansion of epithelial sheets and epithelial-mesenchymal transitions. This issue of how subcellular events influence extracellular processes is a question that clearly lies at the interface of cell and developmental biology. Addressing both of these goals will require a new effort, combining systematic description with multi-scale modeling approaches. 
